The aim of this study was to develop a novel morphological paclitaxel (PTX) loaded poly(lactide-coglycolide) (PLGA) microspheres (MS) delivery system to enhance drug delivery and antitumor efficiency as well as reduce drug administration frequency. Therefore, different morphological types of PTX-PLGA-MS were prepared using a modified solvent evaporation technique. Morphology analysis confirmed the successful preparation of the smooth PTX-PLGA-MS with internal sporadic porosity, and the novel rough PTX-PLGA-MS with microporous surface and porous internal structures. The PTX drugs were distributed in the readily bioavailable state (amorphous) in PTX-loaded MS, which allowed fast drug release from MS following intratumoral administration. The drug entrapment and release behaviors indicated that the rough MS could provide enough hydrophobic space for PTX-loading and deep surface folds for fast matrices degradation, thus achieving a higher drug-loading efficiency (17.8%) and a rapid sustained drug release effect. Furthermore, the rough MS showed strengthened in vitro anti-hepatoma efficiency than that of free PTX and smooth MS. The in vivo studies indicated remarkable antitumor activity of rough MS (tumor inhibition rate ¼ 58.33%) for at least 13 days after a single injection, which was because the rapid sustained-release drugs could induce the pro-apoptosis gene and protein expressions, cause extensive tumor cell apoptosis, and reduce the toxicity to normal tissues. In conclusion, the rough PTX-PLGA-MS drug delivery system with outstanding tumor growth inhibition effect could serve as a promising treatment for liver tumor.
Introduction
Human hepatocellular carcinoma (HCC) which is mainly attributed to viral hepatitis and non-alcoholic steatohepatitis induced cirrhosis, 1 is among the top ve most deadly cancers worldwide, and has an increasing incidence and a high mortality rate.
2,3 Despite recent progress in HCC patients treatment including hyperthermia therapy, 4 radiotherapy, 5 and chemotherapy, 6 the treatment to liver cancer are still remarkably limited because of high recurrence rates and conventional chemotherapy resistance. Among them, the chemotherapy plays an important role because most antitumor drugs are small molecules and their clearance from the tumor is rapid via the enhanced permeability and outward convective interstitial uid ow effect. 7 The key areas for HCC patients therapeutic treatment are to improve the accumulation of chemotherapeutic agents in tumor sites, avoiding multi-drug resistant (MDR) and tumor recurrence. Paclitaxel (PTX) as the most effective antitumor drugs, has shown its potency of treating various solid tumors, especially against metastatic breast cancer, 9 refractory prostate and ovarian cancers. 10, 11 It works through interfering with mitosis by inducing the microtubules assembly and stabilization, which caused the G2/M phase accumulation, and tumor cell death.
12,13
Furthermore, PTX may have universal effects throughout the cell cycle, which resulted in disturbances of cell functions like cell movement or angiogenesis without signicantly affecting cell proliferation.
14 However, the main challenges associated with successful clinical PTX therapy are its extremely poor water solubility (<0.025 mg mL À1 ), 7 MDR in tumor cells, 15 and nonspecic pharmacokinetics in systemic circulation. 16 In order to overcome these defects, there have been continuous efforts to develop suitable drug delivery systems for PTX, including polymeric micelles, liposomes, microspheres (MS), and nanoparticles. 13, [17] [18] [19] Generally, the cytotoxic activity of PTX required that cells enter the G2/M phases, thus the carriers should efficiently deliver drugs to the tumor cells to bring out maximum therapeutic effects. 20 Polymeric MS can signicantly improve the solubilization and bioavailability of PTX drugs, as well as serve as drug reservoirs to allow sustained drug release, thus improving PTX therapeutic efficiency in the desired tumor tissue. [21] [22] [23] Since these studies, the development of PTX-loaded polymeric MS with favorable drug release is important existing in choosing suitable delivery vehicle. 24, 25 Poly(lactide-coglycolide) (PLGA) with excellent biocompatibility and tunable degradation rate are rapidly becoming promising polymeric MS delivery vehicle, which enable the effective protection and longterm delivery of the inhaled drug agents. 26 Nevertheless, improving the MS overall performance, including drug-loading capacity, premature drug release before reaching the tumor cells, undesired MDR for slow drug release, and relevant sideeffects, remains challenging.
27,28
Nowadays, most publications focus on drug entrapment and release behaviors better than the morphology of drug-loaded MS. Noteworthy, the drug encapsulation and delivery are strongly correlated to MS morphology. 29 Zhou et al. 30 have investigated that the various surface morphologies were mainly affected by the stirring rate, the oil phase viscosity, and the organic solvent evaporation. Liu et al. 31 have prepared coreshell MS through Pickering emulsion polymerization, which have distinguished advantages over full core MS in drug-loading capacity. Additionally, the integrated hollow core and porous shell microstructure of MS could extend their applications, such as selective separation, 32 controlled release, 33 and chemical sensors, 34 which were resulted from their ordered pore structures, tailored sorption properties, improved permeability and high specic surface area. 35 Consequently, even if there were few literatures to report MS morphological behaviors, as delivery carriers of PTX, the MS morphology has signicant inuences on the solubility, encapsulation efficiency and release behaviors of drugs, which further affects their antitumor activity. 36, 37 Furthermore, the disruption of cell proliferation and mitogen-activated protein kinases (MAPK) signaling pathways may result in elevated cell apoptosis, so the changes of liver tumor molecule biology play important role in the early HCC patients treatment. 38, 39 The specic aim of this work was to develope a novel PTX-PLGA-MS to investigate the inuences of morphology on drug entrapment and release behaviors as well as antitumor efficacy.
In this study, the novel rough PTX-PLGA-MS were prepared using modied double-emulsion solvent evaporation method. The morphology, drug stability, thermal and in vitro drug release behaviors of rough PTX-PLGA-MS were carried out to conrm whether the MS possessed novel morphological features, high drug-loading capacity, enhanced drug bioavailability and rapid sustained drug release. Furthermore, the in vivo evaluations were performed to compare the behaviors of rough MS with free PTX and smooth MS, including antitumor activity, histological and molecular biology studies. The results demonstrated that the rough MS could efficiently suppress the tumor growth and alleviate the damage to normal organs, which might be associated with the rapid sustained drug release, decreased drug administration frequency and system toxicity consequently. The implications of these results above are thoroughly analyzed for the development of rough PTX-PLGA-MS for optimal therapeutic efficacy inside solid tumors. 
Materials and methods

Materials
Preparation and characterization of PTX-loaded MS
In this study, the smooth and rough PTX-PLGA-MS were prepared by modied single emulsion technique and doubleemulsion solvent evaporation method, respectively. For the preparation of rough PTX-PLGA-MS, the ABC solution (5 mg mL À1 in deionized water (DI)) were used as the internal water phase (W1), and the oil phase (O) were obtained by dissolving PTX (20 mg) and PLGA (200 mg) in 6 mL DCM. Then, the W1 and O phases were probes sonicated in an ice-water bath for 90 s to form the homogeneous emulsion. Under magnetic stirring, the resultant emulsion was transferred into 100 mL 2 wt% PVA solution (external water phase, W2), and was continuously stirred at 800 rpm for complete solvent evaporation. Aerwards, the redundant PVA and non-incorporated drugs were removed by DI washing and centrifugalizing (2000 rpm) the solidied MS, which were lyophilized and stored in a vacuum desiccator at À20 C for further analysis. For the smooth PTX-PLGA-MS preparation, the O/W2 emulsion method was performed with the external PVA concentration at 0.5 wt%. Additionally, the blank PLGA-MS were prepared by the same parameters without addition of PTX drugs. The FT-IR spectra of free PTX, PLGA, and PTX-PLGA-MS were studied using a Nicolet6700 FTIR spectrometer (Bruker, Germany) with the wavelength range from 400 to 4000 cm À1 . 
Morphology analysis of PTX-loaded MS
To evaluate the morphology of PTXloaded MS, MS were visualized using SEM (Zeiss Ultra Plus, Germany). Briey, samples were sprinkled on a double-sided adhesive tape previously applied to an aluminum stub and then xed onto a graphite surface. The samples were coated with a 30 nm layer of gold and viewed under SEM at 25.0 kV. Furthermore, to investigate MS internal and microstructure, the synchrotron radiation X-ray microtomography scans (SR-mCT, Shanghai Synchrotron Radiation Facility (SSRF)) were conducted with BL13W1. Samples were blended in a micropipette container and scanned with SRmCT at 15.0 keV. The pixel size was 3.25 mm, exposure time was 5.0 s, and sample-to-detector distance was 12.0 cm. For each acquisition, aer penetration through the samples, 630 projection images over 180 were taken. The total projected images were reconstructed and enhanced the quality using the X-TRACT SSRF CWS x64. Moreover, the three dimension (3D) rendered data were analyzed with VGStudio Max (Version 2.1, Volume Graphics GmbH, Germany) and Image Pro Analyzer 3D (Version 7.0, Media Cybernetics, USA).
Loading and in vitro release experiments of drug
The ultraviolet (UV) spectrometer (UV-2550, SHIMADZU, Japan) were used to analyze the drug loading (DL) and encapsulate efficiency (EE) of PTX-loaded MS. First, a range of standard PTX concentrations (0-100 mg mL À1 ) were detected to determine the calibration curve of PTX, and the obtained standard curve with high correlation coefficient (R 2 ¼ 0.99958) was satised. 10 mg MS were dissolved in 5 mL DCM with stirring overnight to ensure thorough dissolution. Then, the above solution was added with 10 mL methanol and was vortexed for 2 min before being measured by UV detection. The following equations were used to calculate the DL and EE.
Drug loading(%) ¼ (weight of drugs in microspheres)/ (weight of microspheres) Â 100% Encapsulate efficiency(%) ¼ actual drug loading%/ theoretical drug loading% Â 100%
For free PTX release experiment, 2 mg PTX were suspended in 5 mL sodium salicylate/PBS (pH 7.4) medium (1 mol L À1 ) in a dialysis membrane (M W co 14 000 Da). Additionally, 15 mg drug-loaded MS were suspended in the medium to determine their release behaviors. The dialysis bag was immersed into a screw-capped tube with 50 mL the aforementioned solution, which then was placed horizontally in a 37 C orbital shaker (HZQ-F160, Harbin, China). At certain time intervals, 2 mL release medium in the tube was collected for UV absorbance analysis (227 nm) and the system was replaced with 2 mL fresh medium. The drug release amount was determined using the above calibration equation.
In vitro antitumor activity
The antitumor activities of free PTX, smooth and rough PTX-PLGA-MS were evaluated by seeding HepG2 cells in 96-well plates (5 Â 10 3 cells per well) in 200 mL DMEM. The empty PLGA-MS was selected as control group. Upon 80% of cells grew with adherence, the smooth and rough MS with equivalent PTX concentrations (0.01-100 mg mL À1 in 20 mL PBS) were added to each well for 48 h. Additionally, HepG2 cells were incubated with equivalent PTX concentrations (0.01-100 mg mL
À1
) of free PTX and rough PTX-PLGA-MS for 24, 48 and 72 h to compare their antitumor effects. Aer incubation, the plates were replenished with 200 mL DMEM and 10 mL CCK-8 solution, and then were incubated in a 37 C (5% CO 2 ) atmosphere for another 2 h. The solution absorbencies were measured on an ELISA (Multiskan, Thermo Fisher, Finland) micro-plate reader at 450 nm. Cell viability was calculated using the following equation:
where A sample , A PBS and A cell represent the absorbencies of the sample, the PBS medium and the cells, respectively. The IC 50 values (the drug concentration at which inhibition of 50% cell growth) were calculated based on these results using SPSS 17.0.
In vivo antitumor efficacy
The tumor xenogra models were created to determine whether the rough PTX-PLGA-MS obtained improved in vivo therapeutic efficacy than free PTX and smooth MS. Specically, the freshly harvested HepG2 cells (3 Â 10 6 cells per mouse in PBS medium)
were subcutaneously inoculated in the right ank region of BALB/c-nu mice. Tumor volumes were measured using a vernier caliper and were calculated as
the shortest and the longest tumor diameter, respectively). The mice were randomly divided into four groups, when the average tumor volume reached approximately 280 mm. 3 For each group, the tumors of four mice were excised and weighted at the beginning of the treatment. The remaining mice were administered via intratumoral injection. As the released drug amount from rough MS was 88% for 13 days, the rough and smooth MS were injected every 13 days, while the saline and free PTX were injected every four days. The free PTX treatment dosage was set as 10 mg kg À1 , and the rough and smooth MS were chosen at 30 mg PTX equiv. kg À1 , as the different injections but the same whole dose should be chosen. Aer injections, the tumor volumes were recorded every four days, and the tumor growth rate (from day 17 to day 40) was calculate as tumor growth volumes per days (mm 3 day À1 ). The mice body weights were recorded throughout the experiment. At the end of the experiment, the excised tumors were photographed and weighted.
Histological analysis
At the end of the treatment, the organs and tumor tissues of each mouse were excised, xed with 4% (v/v) paraformaldehyde (24 h), embedded in paraffin, and cut into 4 mm thin sections. The slices were affixed to glass slides, deparaffinised in xylene, rehydrated in ethanol, rinsed with DI and then xed with 4% (v/ v) formaldehyde. Thereaer, the slices were stained by hematoxylin and eosin (HE), and were observed by uorescence microscope (Olympus, IX71, Japan). For TUNEL experiments, the paraffin-embedded tissue sections were dewaxed and incubated with a proteinase K solution (21-37 C, 15-30 min).
Then, the sections were treated with FragELTM DNA fragment detection kit according to the manufacturer's protocol (EMD Chemicals Inc, Darmstadt, Germany). Images were taken with a Nikon A1R confocal microscope.
In vivo molecular biology studies
The in vivo mRNA and proteins expression levels of different treatments on liver tumors were evaluated by Quantitative RealTime PCR (qRT-PCR) and Western-blot. Total RNA of tumor tissues was extracted using the RNeasy Kit (Qiagen, Hilden, Germany). The reverse transcription reaction was performed using SuperscriptIII (Invitrogen) in a nal volume of 20 mL containing 5 mg of total RNA, and was terminated by heating at 72 C for 15 min. The newly synthesized cDNA were amplied using the PCR synthesis kit (Invitrogen). PCR fragments were visualized by ethidium bromide staining. PCR amplications were performed with SYBR Premix (Invotrogen) on an Applied Biosystems7500 Fast. The relative mRNA expression results calculated from the changes in the threshold method were represented as relative fold induction compared to control samples and were normalized to the control GAPDH gene. The primer sequences were as follows (Table 1) . For Western-blot test, tumor tissues aer treatment were homogenized, dissolved in RIPA buffer and centrifuged (12 000 rpm, 4 C) for 10 min. Protein concentration was quantitated by BCA protein assay kit, and equal amounts (30 mg) of cellular proteins were separated by 10% (v/v) SDS-PAGE gels.
Aer incubated with 0.5% (v/v) Triton X-100 (10 min), proteins were transferred to a PVDF membrane. The following dilutions were used for individual antibodies against different proteins: Bax (1 : 500); Bcl-2 (1 : 1000); p42/44 MAPK (1 : 1600); p38
MAPK
(1 : 1000). Then the membrane was blocked with 5% (v/v) nonfat dry milk in TBST for 4 h (37 C), incubated with a specic primary antibody overnight (4 C) and further an appropriate HRP-labeled secondary antibody (2 h, 4 C). Specic protein detections were dyed using the BCIP/NBT Alkaline Phosphatase Color Development Kit and the intensity bands of proteins were quantied by Quantity One soware.
Statistical analysis
All numerical data were given as the mean AE standard deviation. At least three replicates were set up in each group, and three independent experiments were performed. The results were statistically analyzed using one-way ANOVA through SPSS. P < 0.05 was considered statistically signicant.
Results and discussion
PTX-PLGA-MS preparation and characterization
In this study, the rough PTX-PLGA-MS were prepared using modied double-emulsion solvent evaporation technique. Generally, the process parameters of internal ABC and external PVA phases have signicant inuences on the surface and inner morphology of MS. The use of internal ABC solution could produce carbon dioxide in the W1/O emulsion, thus produced internal porous structure throughout the PLGA matrices during MS solidication. Additionally, the spontaneous coalescence of multi-core globules can be avoided by the metastable emulsion droplets collision, as the high PVA concentration may stabilize the interfacial inherent thermodynamic between the W1/O and W2 immiscible phases.
40
To verify the successful drug encapsulation, the FT-IR and 1 H NMR spectra of PLGA, free PTX, and PTX-PLGA-MS were analyzed. The major infrared peaks assigned to PLGA (Fig. 1A However, some PTX bands were not prominent in PTX-PLGA-MS, which might be because the PTX were completely encapsulated in the porous internal cores of PLGA matrices or appeared at almost the same wave numbers as PLGA. Subsequent to the conrmed chemical structures, the morphology of the smooth and rough PTX-PLGA-MS were obtained from SEM and SR-mCT observations. As shown in Fig. 2A , the smooth MS were well-dispersed spherical particles with smooth surface and internal sporadic porosity. While, the rough MS (Fig. 2B ) displayed microporous surface and highly porous internal structures. The 3D cross-section micrographs (Fig. 2C) indicated that the rough MS displayed regular spherical proles and porous internal structure with big holes. During the process of drug-loaded MS formulation, the PLGA polymers tended to precipitate to form a macromolecular network structure and subsequently a polymeric MS skeleton, which signicantly limited the possibility of drug leakage and aggregation, resulting in well-dispersed PTX drugs in MS. For the rough MS, the ABC solution trapped in the interior of MS could produce carbon dioxide, which then escape and leave empty spaces aer drying, thus leading to many big pores in MS matrices. As the gases may further escape from the MS surface, leaving pores on the surface, the formation of microporous surface was facilitated by the use of higher external PVA concentration. Because the high PVA concentration may increase the viscosity of the double emulsion, thus stabilizing emulsion droplets against coalescence. 41 Additionally, the carbon dioxide diffusion rate was slow down, because the small W1/O droplets were encapsulated in the high viscosity PVA globules, thus the prepared rough MS were endowed with deep surface folds. Morphological analysis veried that the rough PTX-PLGA-MS possessed a novel morphology of microporous surface and internal porous structures. The internal and microstructural details of MS obtained from the SR-mCT technique provide a better way to investigate the drug encapsulation and distribution properties. 42 This highly porous internal structure could provide enough hydrophobic space, which enabled the drugs to have a better place to adhere to. The specic aim of this work was to evaluate whether the novel morphology had signicant inuences on the PTX-loading quantity and in vitro PTX release behaviors.
Drug stability and thermal analysis of PTX-PLGA-MS
Generally, the crystallinity changes of drugs during MS formulation process obviously affect the drug release rate and its increased bioavailability. 33 To investigate the physical state of drugs, XRD and DSC analysis were conducted for free PTX, PLGA, physical mixture and the acquired PTX-PLGA-MS. As shown in Fig. 3A , PTX powders displayed a few typical diffraction peaks at 8.9
, 12.6 , 16.8 and 34.1 , suggesting that it is crystalline. The pattern of amorphous PLGA polymer exhibited a broad peak at the region between 16.2 and 23.1 . Meanwhile, in the physical mixture spectrum, the characteristic PTX peaks were found at the same positions as that in PTX powder, indicating that PTX in the mixture is also crystalline. However, the sharp PTX diffraction peaks disappeared and only a small PTX peaks could be detected in the diffractogram of PTX-PLGA-MS, which might be because the PTX were distributed in amorphous state. This was a readily bioavailable state which allowed fast drug release from microspheres following intratumoral administration. Furthermore, the crystallinity decrease in PLGA would facilitate the degradation of PLGA and thus the release of PTX from polymer matrices. The PTX DSC thermogram (Fig. 3B ) exhibited a sharp endothermic peak (267.1 C) and an exothermic peak (227.5 C), which was attributed to the melting of PTX, also indicating its crystalline nature. Interestingly, PLGA polymer showed an exothermic peak at 172.5 C which is most probably related to the phase transition and decomposition of PLGA polymer. 43 For the physical mixture, the endothermic and exothermic peaks corresponding to PTX drugs melting were also presented with only a slight shi. While, the PTX-PLGA-MS displayed only a broad endothermic peak, suggesting that PTX was existed in a disorder crystalline phase of an amorphous state, and was improved in terms of long-term stability and bioavailability. The generated DSC thermograms and their respective endothermic values indicated that the drug and preparation method had little effect on the thermal properties of the polymer. 44 These ndings are highly consistent with the XRD results above and previous studies that the solubilization of drugs in the core of PTX-PLGA-MS leads to the crystalline PTX molecules melting peak disappearance. 45, 46 Moreover, in view of the goal of the current formulation to provide a constant rapid drug release, the molecular dispersions of PTX drugs seems to give better release proles for the intended drug delivery applications.
Drug loading and in vitro release analysis of PTX-PLGA-MS
Generally, the hydrophobic PLGA matrices possessed a readily incorporation of hydrophobic PTX drugs. The prepared smooth PTX-PLGA-MS with internal sporadic porosity achieved a relative low DL (9.8%) and EE (83.6%). While the rough PTX-PLGA-MS achieved higher DL (17.8%) and EE (93.2%), because the internal porous MS matrices provide enough hydrophobic space for PTX-package and the high external PVA concentration could prevent the drug-leakage. As the drug release from a carrier system is an important property for their biomedical application in cancer treatment, the release patterns of smooth and rough MS were performed to investigate how the MS morphology affected their in vitro drug release behaviors. Noteworthy, in order to provide valid in vitro release data, two groups of each PTX-PLGA-MS samples were obtained by two independent MS preparation experiments using the same experimental method. The free PTX release pattern displayed a zero-order release phase (Fig. 4) with the 48 h cumulative drug release amount at 88%. The smooth MS release patterns were found to be approximately linear with correlation coefficients from 0.989 to 0.993. Additionally, the rough MS exhibited Scurve release patterns and the drug release amount was approximately 13% and 88% at 48 h and 13 days, respectively. The two groups release data of each PTX-PLGA-MS samples showed no signicant difference. The use of large PVA volume directly affected the migration of drugs and accelerated the solidication of PTX in polymer matrices. As mentioned above that the hydrophobic PTX substances were considered to amorphous inside the MS matrices. The hydrolysis of PLGA polymer would destroy their internal structure as well as change the original crystallization features. The slow linear release for smooth MS was mainly because of the initial release of drugs dispersed on MS surface and the follow slow drug release which was slowed down by the low MS matrices degradation rate and internal sporadic porosity. Nevertheless, the fast drug release for rough MS from day 7 was attributed to the mesopores drug diffusion from MS matrices. The rough MS with deep surface folds degraded faster than smooth MS, and the drug diffusion and migration were accelerated by the immersion of the release medium in the matrices. The effective drug release could be facilitated by the accelerated drug release rate, thus reducing the risk of drug resistance. Overall, the rough PTX-PLGA-MS achieved the enhancement of drug stability, the relatively fast drug release and the sustained drug release in consequence.
In vitro antitumor activity
The antitumor activity of empty PLGA-MS and PTX preparations on HepG2 cells were evaluated to determine whether the rough PTX-PLGA-MS with rapid sustained PTX release had good antitumor efficiency. The cells incubated with empty PLGA-MS even at the highest concentration exhibited normal growth state (Fig. 5A) , suggesting its negligible cytotoxicity. Whereas, the free PTX and rough MS groups displayed cytotoxic potency to the HepG2 cells proliferation in a dose-and time-dependent manner (Fig. 5B) groups, which indicated that the rough MS would possess the efficient transport of sustained-release drugs into HepG2 cells, thus achieving superior antitumor effects. Noteworthy, the cell viability of rough MS treated group showed signicant difference compared to that of free PTX group at the equivalent drug concentration and certain treatment period. These ndings were attributed to the sustained release property of rough MS through the combination of pores drug diffusion and polymer degradation, which would be favorable to the anticancer drug delivery with prolongation of incubation. The fact that the rough PTX-PLGA-MS shows a continued inhibition to HepG2 cells rather than a sharp inhibition caused by free PTX demonstrated that the rough MS possessed signicant enhanced antitumor efficiency than free PTX and smooth MS.
In vivo antitumor efficacy
In order to monitor the tumor inhibition efficacy and system toxicity of PTX formulations, the changes in tumor volume were assessed in samples treated HepG2 tumor xenogra mice, and at the end of the experiment, the excised tumors were photographed and weighed.
47 Fig. 6A showed that the saline treated group exhibited the fast tumor growth rate with the mean tumor volume expanded from 260.26 to 1226.54 mm 3 within 24 days.
However, as shown in Table 2 , the tumor volumes of PTX preparations groups were signicantly smaller, and the free PTX played a very weak antitumor effect with the tumor volume developing to 629.36 AE 218.83 mm 3 . The nal tumor weight for rough PTX-PLGA-MS group was smaller than that of free PTX and smooth MS groups (Fig. 6B) . The tumor weight and volume reduction percentage (Table 2) indicated that the rough MS possessed signicant tumor suppression effect for the rapid sustained drug release. Additionally, tumor inhibition efficiency was calculated based on the tumor weights and volumes, and the rough MS (512.63 AE 162.34 mm 3 ) efficiently inhibited tumor growth (58.33%), which was 1.36-, and 1.75-fold higher than that of free PTX and smooth MS, respectively. The rough MS possessed superior antitumor efficacy with the improved inhibitory effect of PTX with 54.75%, which might be attributed to the efficient drug delivery, penetration and accumulation in tumor sites. 48 Furthermore, the free PTX group showed a negative antitumor effect because of the high plasma drug concentration in the body caused by the frequency of drug use. Mice injected with free PTX frequently exhibited noticeable hypersensitivity symptoms including dyspnea, shock and convulsions within 10 min post-injection.
The representative photographs (Fig. 6C) of excised tumors showed a direct intuitive proof of the remarkable tumor Fig. 4 In vitro cumulative released curves of free PTX, smooth and rough PTX-PLGA-MS. For each PTX-PLGA-MS samples, the two groups were obtained by two independent MS preparation experiments using the same experimental method. (Fig. 6D ) exhibited necrosis areas (pyknosis, karyorrhexis), which were composed of an extensive lymphocyte inltration into the tumor tissues and a low presence of connective tissues. However, the control group displayed noticeably higher tumor cell density, negligible necrosis and sporadic cell apoptosis. The rough MS group caused the most extensive cell apoptosis and necrosis with one therapeutic course (13 days), which might be because these MS could evenly disperse and adhere throughout the tumor sites, reduce drug distribution in normal tissues and achieve a signicant inhibitory effect with a relatively low dosage. Consequently, the novel rough PTX-PLGA-MS delivery system contributes to high anticancer efficiency and low incidence of side effects observed herein.
Histological analysis
Furthermore, to assess whether the tumor growth inhibitory induced by PTX formulations was attributed to an increase in apoptotic cell death, the excised tumors and organs were analyzed by HE staining and TUNEL assay. The HE images of saline treated liver tumor tissue showed typical tumor pathological characteristic of closely arranged tumor cells. The PTX formulations treated groups exhibited obvious apoptotic response and evident necrosis (spotty death and intercellular blank) of tumor cells. 49 In addition, the cell apoptosis extent was in line with the scope of tumor necrosis. For the HE images of major organs, the smooth and rough PTX-PLGA-MS treated groups (Fig. 7) displayed no obvious pathological changes in the cellular morphology, which were very similar to those of salinetreated groups. Specically, the liver organ sections showed well-arranged hepatocytes and intact lobules, the kidney sections showed well-formed Bowman's capsule with clearly evident glomeruli, proximal and distal tubules. 50 The spleen characteristic of roughly ovoid white pulps observed in splenic sections indicated the biocompatible nature of these PTXloaded MS. Whereas, the free PTX showed toxicity to mice evidenced by some damage observed in the spleen HE images of free PTX treated group (Fig. 7, yellow arrows) . Additionally, mice treated with free PTX exhibited noticeable body weight loss (Fig. S1 †) , while, the MS-treated mice body weight slightly increased and became stable at around 18.8 g. The stable body weight suggested that the drug-loaded MS caused negligible side effects and were suitable for system chemotherapy. The free PTX caused body weight loss was attributed to its non- selective uptake by normal tissues resulted in high drug level in the blood. As the natural necrosis would occur because of internal hypoxia inside the tumor, the TUNEL was photographed near the peripheral area of the tumor. 43 As shown in Fig. 8 , the viable cell nuclei of samples treated tumor tissues were dyed with dark blue and the apoptotic cell nuclei were dyed with green. The smooth PTX-PLGA-MS treatment only resulted in moderately positive TUNEL staining at the tumor peripheral area. In contrast, the rough PTX-PLGA-MS treated tumor tissues showed higher number of TUNEL positive cells (green), which was also higher than free PTX group, suggesting that the rough MS with rapid sustained PTX release caused extensive cell apoptosis throughout the tumor tissues. Noteworthy, in rough MS treatment group, the apoptotic cell nuclei showed diffuse in tumor tissue rather than only on the tumor periphery, thus suggesting that the drugs released from rough MS achieved effective delivery throughout the tumor. According to HE analysis the PTX-loaded MS had little side effects to the liver, heart and spleen, while the free PTX treated group exhibited noticeable splenic damage. Strikingly, these results corroborated that the rough MS caused little damage to the main organs while signicant necrosis and apoptosis in tumor tissues, thus demonstrated the excellent anti-tumor efficacy of rough MS. The enhanced antitumor effect of rough MS is most likely due to its distinct drug release behavior in the tumor. It is noteworthy that the free PTX and PTX-PLGA-MS were intratumoral injected. As a consequence, the free PTX could diffuse throughout the tissues and immediately exert its cytotoxicity, resulting in negative tumor inhibition potency. While the rough MS might rst disperse and adhere throughout the tumors, and subsequently display cytotoxicity aer PTX was released from MS and uptake by the tumor cells via adsorptive endocytosis. Collectively, our results veried that compared to free PTX, the rough PTX-PLGA-MS possessed efficient tumor inhibition and negligible system toxicity to mice.
In vivo molecular biological analysis
In this work, the target siRNA of Bax and Bcl-2 indicating activation of apoptosis cascade, were evaluated as they are the most important factors in the Bcl-2 related apoptosis pathway.
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Further molecular biological evidences for the synergistic effect Fig. 7 Histopathological analyses of heart, liver, spleen, kidney, and lung sections after intratumoral administration of free PTX, smooth and rough PTX-PLGA-MS, which show similar intact tissue morphology to the control group. Scale bars represent 100 mm. of PTEN and TNF-a siRNA in PTX formulations treated groups came from the immunohistochemistry assay. Fig. 9A and B showed that the rough PTX-PLGA-MS group induced the highest levels of Bax, PTEN and TNF-a mRNA expressions in tumor tissues than other treatment groups. The observed increase in pro-apoptosis related in vivo mRNA expression levels caused by the therapeutic activity of PTX drugs proved that the rough MS induced signicant cell apoptosis. Interestingly, in the free PTX and smooth MS therapeutic groups, the Bcl-2 mRNA levels displayed a negligible variation. Furthermore, the free PTX and smooth MS treatment only caused medium level of proapoptotic activation, and neither of them was able to induce sufficient tumor cell apoptosis, as revealed by the TUNEL analysis. These results clearly demonstrated the improvement in antitumor efficiency of the rough PTX-PLGA-MS. Subsequent to the mRNA expression analysis, the immunoblotting study was performed on tumor tissues to evaluate how these multifunctional proteins contribute to the tumor inhibitory. The saline treated tumor groups showed a high expression of Bcl-2 and p38 MAPK , and a low expression of Bax and p42/ 44 MAPK ( Fig. 9C and D) . For the rough MS group, the p38 MAPK expressions were signicantly inhibited, whereas the expressions of Bax and p42/44 MAPK were apparently up-regulated than that of free PTX and smooth MS groups. Additionally, the decreased cell proliferation rate observed in p42/44 MAPK overexpressing tumors suggested that the p42/44 MAPK protein levels may affect cell cycle progression. 52 Varma et al. reported that the selective activation of p42/44MAPK may regulate baseline permeability and cGMP-induced hyperpermeability, thus affecting the drug penetration and the antitumor activity in consequence. 53 In line with the RT-PCR results and previous report, 54 treatment of tumor tissues with PTX drugs have similar effects on the expression of Bax and Bcl-2 proteins. It is noteworthy that the involvement of these molecule pathways is essential for the enhancement of PTX toxicity in tumor tissues. These results were consistent with the in vitro and in vivo antitumor results, which indicated that the PTX-mediated mitotic arrest was signicantly affected by the activation of these proteins. The rough MS possessed highly chemotherapy sensitizing effect, which could increase drug accumulation and uptake in both inherent and acquired liver tumor cells. Consequently, the rough PTX-PLGA-MS with high drug-loading capacity and rapid sustained drug release could cause extensive tumor apoptosis and less damage to normal tissues for their efficient apoptosis related proteins expression and fewer drug resistance.
Conclusions
To sum up, we prepared a novel PTX-PLGA-MS with rough surface and porous internal structure to improve the antitumor efficiency of PTX drugs and reduce drug administration frequency. Specically, the highly porous MS matrices provided enough hydrophobic space for PTX-packaging, thus achieving a higher drug-loading efficiency and enhanced drug stability. Noteworthy, the rapid sustained drug release was attributed to the readily drug bioavailable state (amorphous) in MS matrices, as well as the microporous surface which could facilitate the degradation of MS matrices. Moreover, the rough MS signi-cantly enhanced in vitro and in vivo antitumor efficiency than free PTX and smooth MS. The rough MS with one therapeutic course (13 days) could evenly disperse and adhere throughout the tumor sites, and reduce drug distribution in normal tissues, thus suppressed tumor growth and improved animal survival more effectively. In conclusion, our results veried that the rough PTX-PLGA-MS drug delivery system could serve as a promising anticancer agent.
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